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A Dyson- Schwinger-based model of pomeron exchange is employed to calculate diffractive p-, 4>- 
and J/i/)-meson electroproduction cross sections. It is shown that the magnitude of the current- 
quark mass m/ of the quark and antiquark inside the produced vector meson determines the onset 
of the asymptotic-q^ power-law behavior of the cross section, and how correlated quark-exchanges 
are included to provide a complete picture of the diffractive electroproduction of light vector mesons 
apphcable over all energies and photon momenta . 

I. INTRODUCTION II. VECTOR MESON ELECTROPRODUCTION 



Many aspects of difFractive processes are well described 
within Regge theory in terms of "Pomeron exchange" . 
However, since the advent of QCD, the underlying mech- 
anism responsible for pomeron exchange is typically 
thought to be multiple-gluon exchange. This suggests 
that experimental investigations of difFractive processes 
provide a means to study gluon correlations in the non- 
perturbative, small-momentum-transfer regime of QCD. 
The additional freedom to vary the momentum trans- 
fer between electron beam and target provides elec- 
tron beam facilities with more leverage to study pomeron 
exchange than facilities employing hadron beams. TJ- 
NAF provides a crucial tool with which to probe the 
nonperturbative-gluon dynamics underlying pomeron ex- 
change. 

In the following, 1 briefly discuss the elements of a co- 
variant, quantum field theoretic quark- nucleon pomeron- 
exchange model that was developed in Rcf. ||l| and de- 
scribe two applications of this model to diffractive elec- 
troproduction. The model employs elements from stud- 
ies of the Dyson-Schwinger equations of QCD, such as 
dressed-quark propagators which incorporate confine- 
ment, dynamical chiral symmetry breaking, and have 
the correct asymptotic behavior required by perturbative 
QCD Q|. The model provides an excellent description of 
difFractive processes and reveals some aspects of the in- 
terplay between perturbative and nonperturbative QCD 
in these processes. After giving a brief account of the 
role of the current-quark mass in determining the onset 
of the asymptotic-g^ behavior of difFractive electropro- 
duction cross sections, I describe how quark exchanges 
(important at low energies) are included into the model, 
thereby providing a complete picture of the diffractive 
electroproduction of light-quark vector mesons over all 
energies and photon-momenta . 



One can study the role of quark dynamics in diffractive 
processes using a model in which the high-energy inter- 
action between a confined-quark and an on-shell nucleon 
is given in terms of a pomeron-exchange interaction. In 
principle, this might be calculated in terms of a multiple- 
gluon exchange like that shown for p-meson electropro- 
duction in Fig. |l|. However, this is unnecessary for the 
purposes of the present discussion. 
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* The Euclidean metric 5^,^ = diag(l, 1, 1, 1) is employed 
with spacelike momentum satisfying — q^Qn > 0. 



FIG. 1. The shaded box represents the quark-nucleon 
pomeron-exchange interaction Qa{W^,t) for p-meson electro- 
production of Ref. [Ql . Within this box is shown one of many 
possible multiple-gluon exchange diagrams that contributes 
to the pomeron-exchange interaction GaiW^ ,t). 

The p-meson electroproduction current matrix element 
obtained from the pomeron-exchange model of Ref. [|l| is* 

{pXp;p2m'\Jf,{q)\pim) = 
2 tpau[q,p) e^ip;Xp) Um'iP2)Ga{W'^ ,t)umipi), (2.1) 

where Wm(pi) and u„i'(p2) are, respectively, the spinors 
for the incoming and outgoing nucleon, £^(p;Ap) is the 
polarization vector of the p meson, Ga{W^,t) (repre- 
sented by a shaded box in Fig. |l|) is the model quark- 
nucleon pomeron-exchange interaction, t^ai,{q,p) is the 
photon- p-meson transition amplitude (represented by the 
quark loop in Fig. |l|). The quark-nucleon interaction 
Qa{s^t) is given in terms of four parameters: the slope 
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and intercept of the pomeron-exchange Regge trajectory 
and two coupling constants (3u and Ps for u- (or d-) and 
s-quarks. Their values are determined in an application 
to ttN and KN elastic scattering 

The photon- /o-meson transition amplitude is given by 

/d*fc 
^^-y^ Su{k — ) 

xr^(fc__,A:+_)5„(fc+_)7„5„(A:_+)K(fc-ig;p), (2.2) 

where Nc = 3, eo = ■\/47raem is the elementary charge, 
Sf{k) is the quark propagator of flavor /, r^(fc,A;') is 
the quark-photon vertex, V,y(fc;p) is the p-meson Bethe- 
Salpeter amplitude, 7^ is a Dirac matrix, and the trace 
is over Dirac indices. 

Evaluation of t^av{<l,p) requires explicit forms for the 
Sch wing er functions Sf{k), T^{k,k'), and Vv{k,p) in 
Eq. (2.2). These are taken from phenomenological stud- 
ies of hadron observables based on the Dyson-Schwinger 
equations of QCD. 

The most general quark-photon vertex T^{k,k') — 
Tl{k,k') +r^'^{k,k'), where rJ(A:,fc') is transverse to 
the photon momentum — {k — k')^ and T^^{k, k') is 
completely determined from the Ward-Takahashi identity 
and the dressed quark propagator Sf{k). Phenomenolog- 
ical studies find that the transverse contributions to the 
vertex in Tj^(k,k') are unimportant for the calculation 
of observables for spacelike photon momenta. Hence, it 
is reasonable in the present study to neglect this term 
and take the dressed quark-photon vertex as rj^^(fc, k'). 
This entails a parameter-free nonperturbatively dressed 
quark-photon vertex that is consistent with the dressed- 
quark propagator Sf{k). 

In a general covariant gauge, the dressed-quark prop- 
agator is written as Sf{k) = —17 • kay{k'^) + ag{k'^). 
Numerical studies Q of the Dyson-Schwinger equations 
find that the essential features of the dressed-quark prop- 
agator are well represented by a simple parametrization: 

= U + bin^x]) T[b{x]T[bix] 



+2fhfJ^[2{x + m'j)] + C„i^e 
f 2(a;-f m2)-l-|-e-2(^+™?) 



-2x 



2{x + fhjy 



(2.3) 



where J^[x] — (1 — e ^)/x, x = fc^/A^, cr^ — Acr^, 
CT^ = A^cr^, fhf ^ruf/X, 0.566 GeV, and e = IQ-*. 
This dressed-quark propagator has no Lehmann repre- 
sentation and hence describes the propagation of a con- 
fined quark. Furthermore, it reduces to a bare-fermion 
propagator with current-quark mass m/ for large, space- 
like momenta, in accordance with perturbative QCD. 
The parameters for the u-, d and s-quark propagators 
were determined in Ref. by performing a fit to a 
range of tt- and i^T-meson observables. 

The final element is the p-meson BS amplitude V^{k;p) 
which was modeled in Ref. 0] as the sum of exponential 



and monopole functions in the relative quark-antiquark 
momentum k^. The parameters were determined by re- 
quiring the BS amplitude leads to the experimental val- 
ues for the p — *■ TTTT and p —^ e^e~ decay widths. 

Ha ving determined the Schwinger functions in 
Eq. {2j2) from Dyson-Schwinger studies of low-energy 
hadron observables, and the quark- nucleon pomeron- 
exchange interaction GaiW^, t) from meson- nucleon elas- 
tic scattering, one can use Eqs. ( ^.1[ ) and (2.2) to calcu- 
late the p-meson electroproduction cross section. The 
result (solid curve in Fig. |^) is in excellent agreement 
with the data for all . One important feature of the 
quark- nucleon interaction Qa{W^,t) in Eq. ( |2.lD is that 
it is independent of q^. Hence, all of the q^ dependence 
in diffractive electroproduction cross sections arises from 
the S chw inger functions in the quark-loop integration of 
Eq. {2fl). The dependence of the electroproduction 
cross section, shown in Fig. |l|, results from having em- 
ployed elementary Schwinger functions that describe low- 
energy meson observables such as the tt- and iiT-meson 
electromagnetic form factors. 
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FIG. 2. The p°-, <^-, and J/ip -meson electroproduction 
cross sections at W = 15, 100 and 100 GeV, respectively. 
(The latter two results and corresponding data are rescaled 
by amounts indicated.) The narrow dashed curves show 
p-meson electroproduction results obtained using fictitious 
current-quark masses of 10 and 25 times larger than m„ = 
5.5 MeV. 

In the study of Ref. 0] , the role of the current-quark 
mass niu in determining the q^ dependence of electro- 
production was explored using fictitious current quark 
masses uif that are 10 and 25 times greater than niu = 
5.5 MeV to recalculate the p-meson electroproduction 
cross section. The results are shown in Fig. ^ A com- 
parison of these two curves to the result obtained using 
the correct value of to„ = 5.5 MeV, suggests two impor- 
tant features of diffractive electroproduction. First, the 
magnitude of the photoproduction cross section {q^ = 0) 
is unaffected by changes to uiu- This is because the 
quark-photon vertex T^'-"{k,k') satisfies the Ward Iden- 
tity which, when coupled with the normalized p-meson 
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FIG. 3. The p-meson electroproduction current due to 
t-channel efTective-vr exchange. The shaded box represents 
the effective- TT A'' A'' form factor, -/<Vjv]v(t). 



BS amplitude, tightly constrains the magnitude of the 
cross section at = 0. Second, although all three curves 
converge in the photoproduction limit of —> 0, they 
diverge significantly for larger values of q^. Ultimately, 
these curves exhibit the same g"^ behavior, but the onset 
of this asymptotic behavior is determined by the magni- 
tude of TTiu', that is, a larger current-quark mass for the 
quark and antiquark inside the produced vector meson 
postpones the onset of the asymptotic power-law behav- 
ior until a larger value of q^. The results for (p and J/ip 
electroproduction obtained from the model of Ref. ^ are 
shown in Fig. |^. Both the model calculation and experi- 
mental data exhibit the anticipated behavior. 

The dependence of diffractive electroproduction on the 
current-quark mass mj provides an explanation of the 
dramatic result that although the p-meson electroproduc- 
ton cross section is two orders of magnitude larger than 
that of the J/ip meson near q^ = 0, they are nearly equal 
for larger q^. This behavior is a result of having used the 
dressed-quark propagator Sf{k) from Dyson-Schwinger 
studies which evolve dynamically with the quark mo- 
mentum k^. For example, the behavior of the u-quark 
propagator Su{k) at small momentum k'^ is characterized 
by constituent-quark-like mass scales (~ 330 MeV) while 
at larger momentum, it is characterized by the current- 
quark mass ruu = 5.5 MeV. The dynamical evolution of 
mass scales in the dressed-quark propagator Sf{k) is es- 
sential for the description of electroproduction at all q^. 



III. PHOTO-MESON TRANSITION 
AMPLITUDES 

At lower energies, both pomeron and correlated-quark 
exchanges are important. The energy at which pomeron 
exchange and effective-meson exchanges each contribute 
about a half of the photoproduction cross section is ~ 
6 GeV for p mesons and W » 3 GeV for cj) mesons. 
(See Fig. ||.) These are incorporated into the pomeron- 
exchange model by a reorganization of the nonlocal inter- 



actions between quarks into sums of exchanges of effec- 
tive fields with mesonic quantum numbers, referred to as 
effective-meson fields. An account of how this procedure 
is carried out in theory and practice is given in Ref. Q . 

As an example, consider the contribution to p-meson 
electroproduction due to the i-channel exchange of an ef- 
fective "tt meson" . Applying the techniques described in 
Ref. , one obtains the electroproduction current matrix 
element: 



{pXp;p2m'^\Jf,{q)\pims) = Af,i,{q,p) e^{p; \p) 
1 



ml — t 



(3.1) 



where Ap^(g,p) is the photon-p-meson transition ampli- 
tude due to the exchange of an effective tt meson (denoted 
in Fig. H by a quark loop) and F^AfAr(t) = (1 — t/A^)^^ 
with A « 1 GeV is the effective- tt-A^A^ form factor (de- 
noted by a shaded box in Fig. 0). 




0.0 



/■TP", 2 ^ 1^1 

/ (q=0,-m k) 



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 
k' [GeV'] 

FIG. 4. The off-shell 7p7r transition form factor is shown 
for the cases when either the p or tt meson is off shell. Di- 
amonds indicate the point at which all three particles are 
on shell. In a calculation of p-meson photoproduction the 
p-meson is on-shell so that only the latter form factor (dashed 
curve) is needed. 

The photo-p-meson transition amplitude Ap^(g,p) is 
given by 



^iiu{q,p) = 



tr 



<rk 



X Suik-+q)V,ik;p)Su{k+)r^{k 



Su{k-)Tp{k^,k^+q) 



-t), (3.2) 



where TT^{k;p) is the on-shell pion BS amplitude, and 
Zj^lt) is the factor appearing in the effective- meson 
"propagator" Acs{t) = Z~^{t) {rn^ — t)~^ which arises 
from the nonlocal nature of the effective pion. The factor 
(t) is calculated in a straight-forward manner from the 
TT-meson BS amplitude Tjr{k]p) and the dressed-quark 
propagator Sf{k), as described in Ref. [Q. Consider- 
ations of parity and Lorentz covariance allow one to 
rewrite the amplitude as 



A^,.(g,p) 



.pq^Pp P'%q\p\-t), (3.3) 
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FIG. 5. Top: Contributions to p- and (^-meson photopro- 
duction from pomeron exchange (solid) and meson exchanges 
(dashed). Bottom: The differential cross section for t/i-meson 
photoproduction (g^ = 0) for 3.0 < < 3.5 GeV. The con- 
tributions due to the pomeron exchange (dashed), and vr and 
r) exchanges (dot-dashed) and their sum (solid) are shown. 



where g^pT^ is the p ^ jir decay constant, e^jya/j is the 
usual Levi-Cevita tensor, and ''^ {q^ , , —t) is the ^pir- 
transition form factor, defined so that when all three 
particles are on their mass shell, /'•'''^(g^ — 0,p^ — 
—rni,—t = —ml.) = 1. All of the elements required 



to calculate Eq. (3.1) are known. The resulting photo- 
p-meson transition form factor is shown in Fig. ^ for a 
range of off-shell tt- and p-meson momenta. 

The slow fall off of the form factors shown in Fig. ^ is 
typical of photo- meson transition amplitudes. It is a re- 
sult of the fact that the factor Z{t) decreases with —t, 
which tends to weaken and partially counteract the rapid 
fall off usually observed in spacelike transition form fac- 
tors when all mesons are on shell. This behavior has also 
been observed in studies of other photo-meson transition 
amplitudes, such as jjn and 771 — > tttt 

With these meson-transition form factors, one can use 
the quark-nucleon pomeron-exchange model to calculate 
p- and (/)- meson electroproduction at all energies and q^. 
This work is currently in progress. However, shown in the 
top of Fig. ^ are the cross sections for p- and (/)-meson 
production with /''''"^(g^ = 0,p^ = — m^, —t) = 1. Hence, 



these predictions should overestimate the contributions 
from meson exchanges. In the bottom plot of Fig. ||, are 
results for the (j>-meson differential cross section at W = 
3 GeV. At moderate t, the meson-exchange contributions 
(from TT and 77 exchange) overwhelm that of pomeron- 
exchange. At lower energies, meson exchanges become 
increasingly more important and one must include them 
(and their respective transition form factors) to obtain 
good agreement with the data, even at small t. 



IV. CONCLUSION 

I have given a brief outline of how quark dynamics and 
correlated-quark exchanges may be explored in diffrac- 
tive electroproduction using a quantum field theoretic 
framework based on the Dyson-Schwinger equations of 
QCD. 

In numerical studies of the Dyson-Schwinger equations, 
both perturbative and nonperturbative aspects of QCD 
are manifest in the solutions obtained for the elementary 
Schwinger functions, such as the dressed-quark propa- 
gator and meson Bethe-Salpeter amplitudes. In phe- 
nomenological applications, such as the one described 
here, one explores the consequences of employing such 
dressed Schwinger functions and their effect on experi- 
mental observables. In this way, one is able to probe the 
underlying dyamics of quarks and gluons involved in ex- 
clusive processes and further improve our understanding 
of QCD. 
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